Abstract: Nanocoated D-shaped optical fibers have been proven as effective sensors. Here, we show that the full width at half minimum (FWHM) of lossy mode resonance can be reduced by optimizing the nanocoating width, thickness and refractive index. As a counterpart, several resonances are observed in the optical spectrum for specific conditions. These resonances are caused by multiple modes guided in the nanocoating. By optimizing the width of the coating and the imaginary part of its refractive index, it is possible to isolate one of these resonances, which allows one to reduce the full width at half minimum of the device and, hence, to increase the figure of merit. Moreover, it is even possible to avoid the need of a polarizer by designing a device where the resonance bands for TE and TM polarization are centered at the same wavelength. This is interesting for the development of optical filters and sensors with a high figure of merit.
Introduction
Nanocoated D-shaped optical fibers have great potential in the domain of sensors. Two main groups can be distinguished: surface plasmon resonance (SPR)-[1,2], and lossy-mode resonance (LMR)-based devices [3] [4] [5] [6] [7] . Regarding the latter group, some researchers classify LMR as guided mode resonance [8] or transverse electric (TE) and transverse magnetic (TM) resonances [3] . However, in order to avoid confusion, a single notation (LMR) will be used throughout this work.
LMR-based optical fiber sensors have interesting properties: it is possible to position the resonance at a specific wavelength simply by controlling the coating thickness. Furthermore, the resonance can be generated both for TE and TM polarization. In addition, LMRs can be obtained under the condition that the real part of the nanocoating permittivity is positive and higher in magnitude than both its own imaginary part and that of the material surrounding the nanocoating. Consequently, a wide range of materials satisfies this condition, such as metallic oxides and polymers. Moreover, multiple resonances in the optical spectrum can be obtained [9] .
In the first publications on LMR based nanocoated D-shaped fibers, sensitivities of the order of 3000-8000 nm per refractive index unit (nm/RIU) in the water refractive index region were attained [3] [4] [5] [6] . However, in a recent publication, a record sensitivity of 15000 nm/RIU was obtained in the water region and another record of 300000 nm/RIU in the proximities of the silica refractive index, which certifies that the device can compete with the best refractometric optical sensors [7] . In this last work, the focus was centered on the achievement of high sensitivities. Now that the good performance of this photonic device has been demonstrated, the aim is to improve the figure of merit (i.e. the ratio between sensitivity and full-width at half minimum-FWHM), which is a typical quality parameter for SPR sensors [10] .
It is well known that the sensitivity is increased by selecting the first LMR [9] . However, the first LMR shows the broadest resonance [11] , which prevents the figure of merit from being improved. A good method for reducing the width of the resonance is to use a nanocoated tapered single-mode fiber. With this device, there is a coupling of light transmitted through a single mode in the optical fiber core to the nanocoating, which allows the dispersion caused by coupling of light transmitted through multiple modes in the core to nanocoating to be reduced [12] .
A step forward was attained with the D-shaped single mode fiber. Unlike cylindrically symmetrical devices, where the LMR may be composed of the combined coupling with TE and TM polarization [13] , D-shaped fibers allow one to separate between TE and TM polarizations, as well as to reduce the resonance width [5] . In addition, light transmitted through a D-shaped single-mode fiber combines the resonance width reduction obtained with nanocoated tapered single-mode fibers (thanks to the coupling of light transmitted through a single mode present in the core to the nanocoating), with the separation of the TE and TM polarization contributions.
However, the resonance width can be further greatly reduced by taking into account some additional considerations analyzed here. A first way, which is proved numerically and experimentally in this work, is to increase the nanocoating real part of the refractive index. Controlling the imaginary part is a more difficult task. Consequently, this parameter has been mainly analyzed theoretically. By analyzing the imaginary part it is possible to obtain multiple sharp resonance bands. This occurs because in the D-shaped optical fiber multiple modes are guided in the nanocoating instead of one for each LMR. A further numerical analysis has been performed on isolating the contribution of each of these modes, which permits to control the width of the resonance. Moreover, through the adequate selection of the dimensions of the nanocoating, it is even possible to fit both resonances obtained for TE and TM at the same wavelength, which avoids using a polarizer. Though the physical implementation of such devices is difficult, with the evolution of nanotechnology in the next years this could become a reality and high quality factor sensors could be developed.
Materials and Methods
The sensing setup is depicted in Fig. 1(a) : light from a broadband source is transmitted through the optical structure and collected in an optical spectrum analyzer. Two types of structures where analyzed: one where the transverse section of the D-shaped fiber was coated with a coating that covers the entire waveguide [ Fig. 1(b) ], and another where the transverse section of the D-shaped fiber was coated with a thin-film that that is limited in width [ Fig. 1(c) ]. Laser micromachining could be a possible way to obtain this setup experimentally [14] .
For the numerical analysis of both structures, FIMMWAVE® was used. The propagation was obtained with FIMMPROP, a module integrated with FIMMWAVE. Three sections were defined: a single-mode fiber (SMF) segment, a side polished SMF segment and another SMF segment. For the SMF segment, the finite difference method (FDM) was used, because it is the most accurate method available for a cylindrical waveguide, whereas for the side polished SMF segment, with a more complex profile, the finite-element method (FEM) Solver was used. One mode was analyzed in the SMF section because light is guided through the core, whereas in the side polished SMF 100 modes were analyzed towards a convergence in the results.
A standard single mode fiber Corning® SMF-28 with a side-polished length of 1.7 cm was used. The refractive index of the optical fiber cladding, made of fused silica, was estimated with the Sellmeier equation:
with parameters: B 1 =0.691663, B 2 =0.4079426, B 3 =0.8974794, λ 1 =0.0684043 μm, λ 2 = 0.1162414, and λ 3 = 9.896161, where λ j =2πc/ω j and c is the speed of light in a vacuum [15] . The optical fiber core refractive index for the simulations was obtained, according to the specifications from Corning®, by increasing the refractive index of the cladding by 0.36%.
The surrounding medium refractive index was set to 1.321, the refractive index of water at 1400 nm, the central wavelength of the resonance in Fig. 2 [16] . The analysis will be focused on this index because it is the region where the performance of chemical and biological sensors can be compared [17, 18] , and this type of sensors have a great interest nowadays.
Two different coatings were analyzed. The first one was a high refractive index material: indium tin oxide (ITO). A 92 nm coating of indium tin oxide (ITO) was deposited with DC sputtering (pressure of argon of 9 × 10 −2 mbar and current intensity applied to the ITO target 150 mA). Its refractive index ranges from 1.93+0.007i to 1.9+0.02i in the wavelength range 1150-1700 nm [7] .
The second material was PAH/PAA, a combination of two polymers deposited with a layer-by-layer technique: poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA). In order to deposit this nanocoating, the D-shaped optical fiber was immersed in 1 M KOH for 10 minutes, followed by washing in ultrapure water in order to acquire a prior negative charge. The fabrication process consisted of the alternate immersion of the substrate into two solutions of PAH (10 mM concentration and adjusted to pH 4.0) and PAA (10 mM concentration and adjusted to pH 4.0). The optical fiber device was immersed in the PAH solution and the PAA solution for 2 minutes each. The fiber was rinsed repeatedly in ultrapure water between these two immersion steps. The structure obtained after this process is known as a layer pair, and the procedure was repeated until the required thickness was obtained. Here, 63 layer pairs were deposited. The refractive index used in the numerical analysis was 1.475+0.001i [9] , and a total thickness of 1110 nm (17.6 nm/per layer pair) was set to fit the position of the resonance with the experimental results. This value was very close to that obtained in [19] .
Both ITO and PAH/PAA permit to generate LMRs, which can be obtained with both transverse electric (TE) and transverse magnetic (TM) polarized light. Indeed, the performance with both resonances is similar. However, for the sake of simplicity, and in order to see the difference with SPRs (SPRs are obtained with just TM polarization), only TE polarization will be analyzed. However, in the final section, where the purpose is to obtain a design where a polarizer is not needed, we will analyze the position of both TE and TM resonances. Figure 2 shows the numerical and experimental spectra obtained with D-shaped fibers coated both with PAH/PAA and ITO for the parameters indicated in section 2. With both PAH/PAA and ITO coatings, a resonance centered at approximately 1400 nm is obtained (the position of the resonance can be easily tuned anywhere in the optical spectrum by changing the nanocoating thickness [9] ). It can be observed that with PAH/PAA the resonance is wider than with ITO. Moreover, it is well known that lossy mode resonances are more sensitive if the refractive index is higher [9, 20] . In view that the figure of merit is the ratio between sensitivity and full-width at half minimum it is obvious that the best option towards a figure of merit enhancement is an ITO coated D-shaped fiber. The not perfectly smooth shape in the experimental spectra is due to inaccuracies in the deposition of the nanocoating. The deposition of the D-shaped fiber is performed in such a way that it is not possible to rotate the platform where the fiber is rotated while the deposition is being performed. Lossy mode resonances are generated if a mode guided in the optical fiber experiences a transition to guidance in the thin-film [13] . However, if we contrast the theoretical spectrum of the ITO coated D-shaped fiber in Fig. 2 with the real part of the effective index of modes guided through this structure in Fig. 3 , 27 modes experience a transition to guidance in the thin-film, instead of one, as it is the case in cylindrically symmetric structures [20] .
Results and discussion
In order to better understand this phenomenon, the electric field intensity in the transverse section at a wavelength of 1350 nm is analyzed in Fig. 4 . This wavelength permits to observe modes guided in the nanocoating and non-guided modes in the nanocoating as well.
We present the first 15 modes. Modes 1-7 and 9-12 are those guided in the nanocoating, mode 8 is the core mode, and modes 13-15 are the cladding modes. The fact that the nanocoating is a rectangle (finite in width and in height) and not an annulus (finite in radial axis but not in azimuthal axis) causes the presence of several transitions, corresponding to the guidance of different modes; whereas in the cladding removed coated optical fiber annulus, only one mode is guided in each LMR. Even though, there is a single resonance in Fig. 2 . Consequently, the guidance of multiple modes apparently plays no role in the results. Fig. 3 . Real part of the effective indices of the first 100 modes guided in an ITO nanocoated Dshaped fiber (core mode in green, modes guided in the nanocoating in red and cladding modes in blue). They correspond with the modes used for the theoretical spectrum in Fig. 2(a) . Fig. 4 . Electric field intensity of modes. Intensity of first 15 modes in the transverse section of the ITO coated D-shaped fiber (the structure is like that represented in Fig. 1(b) , with a nanocoating that covers the entire waveguide). The center is the fiber core. Above the center, in the nanocoating, the different lossy modes can be observed (modes 1-7 and 9-12).
However, by analyzing the evolution of the transmission spectrum as a function of the imaginary part of the refractive index, it will be verified that this parameter also allows seeing the effect of the guidance of several modes. In order to simplify the analysis, a constant imaginary part as a function of wavelength has been assumed in each case. The selected values are: 0.0001, 0.0005, 0.001, 0.002, 0.004 and 0.008. For the sake of comparison, also the theoretical spectrum obtained in Fig. 2(a) is plotted. The ITO model used for this last theoretical spectrum was based on ellipsometric measurements and it presented an imaginary part 0.013 at 1410 nm [7] , the center of the LMR, which is higher than the rest of values analyzed.
Two stages can be observed in Fig. 5 . In the first one, there is a progressive increase of the depth of the attenuation band with several marked resonances at the wavelengths where the mode transitions to guidance in the nanocoating occur. Indeed there is correspondence between the positions of these bands with the wavelengths where the modes start to exceed the effective index of the core mode, a point that is related to the phase matching condition of each nanocoating mode with the core mode (the phase matching condition is the point where the core mode effective index and the mode guided in the nanocoating present the same real part of the propagation constant and their modal fields considerably overlap) [21] . After a maximum (imaginary part 0.004), the LMR broadens, and its depth starts to decrease at the same time as the marked peaks disappear. This is because one property of LMRs is to broaden as well as the imaginary part increases [9, 20] . Consequently, each LMR overlaps each other and the spectrum is smoothed. The next step will be to isolate one of the bands in Fig. 5 . To this end, the case with the deepest and narrowest resonance will be selected, which corresponds to an imaginary part of the nanocoating refractive index 0.004. The FWHM for this nanocoating refractive index is 24.8 nm, whereas the figure of merit is 4540/24.8=183.1RIU
−1 (4540 is the sensitivity of the device in nm/RIU in the water refractive index region, calculated by analyzing the wavelength shift when surrounding refractive index changes from 1.321 to 1.331). On the other hand, the figure of merit for a coating with an imaginary part 0.004 is 4540/6.4= 709.4 RIU −1 (the increase is due to the decrease in the FWHM). Due to this, we will continue our analysis, henceforward, for a value 0.004 in the imaginary part of the ITO nanocoating.
Considering that the spectra in Fig. 5 present a several minima, we will analyze the effect of reducing the width of the nanocoating while maintaining its thickness. In Fig. 7 , the spectrum and real part of the effective index of modes are represented for four different nanocoating widths: 5, 10, 20 and 30 µm. It is obvious that fewer modes are guided as the width is reduced (see Fig. 8 ), which allows us to obtain one single band for 5 and 10 µm (see Fig. 7 ). In fact, for a width of 10 µm, two modes are guided; but one of them is too far separated from the LMR and plays no role in the spectral range under analysis. It is interesting to see that the case with a width of 10 µm shows a FWHM of 3.3 nm, which improves the result obtained without coating width reduction for the same refractive index by a factor of two. However, the same improvement is not observed in the figure of merit because, due to the width reduction, there is an influence of the surrounding medium refractive index above and at both sides of the coating, which leads to the lower sensitivity of 3770 nm/RIU in the water refractive index region. Nevertheless, the figure of merit is increased: 3770/3.3= 1021.2 RIU −1 . Another conclusion that can be extracted from Fig. 7 by comparing the results obtained for 5 µm and 10 µm is that the resonance is blue-shifted if the width is reduced. This is because the width starts to be lower than the core diameter. Consequently, the core mode is influenced by a finite-width nanocoating.
If we further reduce the coating width, a limit will be reached where the width is equal to the thickness. In other words, the section of the nanocoating is square. This situation is interesting as it should lead to another situation where the propagation of light is independent of the polarization of the light. In Fig. 9 , different cases are analyzed. For a square of side 92 nm, it is not possible to observe any resonance in the wavelength range 1100-1600 nm. It is necessary to increase the side by up to 375 nm. For a fixed thickness of 375 nm, four different widths are analyzed: 375, 400, 425 and 450 nm.
It is evident that at 425 nm, the point where both polarizations match is found. This can be explained as the ITO layer is a planar-like raised strip waveguide on the silica substrate. According to Lohmeyer [22] , in a thin and wide core, the propagation constant of the fundamental TE mode exceeds that of the fundamental TM mode. However, the device becomes a planar-like waveguide again if the rib is continuously narrowed and raised, but with the role of the transverse axes exchanged. Consequently, there is an intermediate configuration with an almost square core, where the modes match in wavelength (in the case of the ITO coated D-shaped fiber for 425×375 nm). With this design the sensitivity is only 1760 nm/RIU due to the narrow width of the nanocoating (the narrow ITO thin-film has a lower effect on the core than a wider thin-film). As a result, the figure of merit is only 1760/2=830 RIU −1
. Even though this value is lower than that obtained with the previous design, it is remarkable to say that the need for polarized light is avoided, which is quite interesting to obtain a simple and integrated nanocoated Dshaped fiber sensor. Moreover, the performance of this device is close to optimized surface plasmon resonance sensors analyzed in [21] . In that work the sensors were characterized with the ratio between the sensitivity and the full width at half maximum, a parameter considered by other authors as the figure of merit. The maximum value obtained was 200 RIU −1 [23] , whereas the ratio between the sensitivity and the full width at half maximum for the design of Fig. 9(c) is 1760/8.3= 128 RIU −1 . Table 1 presents a summary of the parameters of the configurations with ITO coatings analyzed here. The main conclusion is that a high increase in the figure of merit is obtained when optimizing the imaginary part of the nanocoating refractive index. A further increase is attained by reducing the nanocoating width, whereas a small reduction is caused by optimizing the structure towards a device independent of the polarization. 
Yes
In order to prove the ability of this sensor to detect refractive index changes, a refractive index sweep in the range 1.3 to 1.335 was performed. In Fig. 10 the average value between the spectrum obtained at TE polarization and the spectrum obtained at TM polarization is shown for several refractive indices. A double peak is visible in the extreme cases, whereas in the center of Fig. 10 only one peak is distinguishable. The explanation can be found in Fig.  11 , where the central wavelength for TE and TM polarization is represented as a function of the surrounding refractive index. The plots for both polarizations cross at 1.305, whereas out of this point there is a progressive separation between the values obtained for both polarizations.
In Fig. 11 also the minimum wavelength of the average value between TE and TM polarization is plotted (TE+TM). In the range from 1.3 and 1.32 the values obtained are the average values between those calculated for TE and TM polarization. However, above 1.32, as the bands split, the values approach either the TM case, because one of the two minima presents a lower value and the algorithm is based on tracking the wavelength with a minimum transmission. However, by using a simple algorithm (TE+TM polarization with processing), based on calculating the average between the shortest and the longest wavelengths that exceeds a specific attenuation value (i.e. −5 dB), it is possible to obtain values that represent the middle value between the wavelengths obtained for both TE and TM polarization. The sensitivity obtained in the range 1.3 to 1.335 is 1566 nm/refractive index unit. 
Conclusions
Contrary to cylindrically symmetrical structures, such as nanocoated cladding removed multimode fiber or tapered single mode fiber, where the transition to guidance of a mode of the optical fiber in the nanocoating induces a lossy mode resonance (LMR), in nanocoated Dshaped optical fibers, the LMRs are induced by several modes. This characteristic allows a quite versatile structure to be obtained, in turn allowing the shape of the LMR to be controlled. By increasing the real part of the refractive index, it was possible to reduce the resonance width up to a value of 24.8 nm (figure of merit 183.1 RIU −1 ). Later on, by optimizing the imaginary part of the refractive index, it was possible to increase the figure of merit to 709.4 RIU −1 ; but several peaks corresponding to the guidance of different modes in the spectrum were visible in the optical spectrum. In order to visualize only one resonance, the width of the nanocoating was reduced to such a point that one single mode was guided. This allowed us to improve the figure of merit to 1021.2 RIU −1 . The performance is similar to optimized SPRs, and could be improved with materials of higher refractive index like SnO 2 .
In addition, with a pillar nanocoating whose section was nearly square, it was possible to guide only one mode at the same time for both TE and TM polarization, and to obtain a resonance at the same wavelength, which avoids the need for a polarizing system.
The results obtained here should allow more efficient nanocoated D-shaped fiber optical filters, sensors and biosensors to be designed. As an example, it has been analyzed a refractive index sensor for the range 1.3-1.335 with sensitivity 1566 nm/refractive index unit. 
